Oxide supported metal nanocrystals are in widespread use in catalysis, microelectronics, gas sensing and optical applications.
Controlled growth of Ni nanocrystals on SrTiO 3 Oxide supported metal nanocrystals are in widespread use in catalysis, microelectronics, gas sensing and optical applications. [1] [2] [3] [4] [5] The morphologies of the nanocrystals can strongly affect their physical and chemical properties. For example, in the field of heterogeneous catalysis, it has been shown that tuning the sizes of oxide supported Au nanoparticles has a significant influence on their catalytic activity for CO oxidation. 6, 7 Extensive studies have also been undertaken on the fabrication of metal nanocrystals on oxide substrates for the preparation of CNT growth catalysts. 8, 9 A number of substrate materials have been explored (e.g. SiO 2 , Al 2 O 3 , MgO) in combination with a variety of nanocrystal fabrication routes (wet chemistry, evaporation). However, it is still problematic to create oxide supported metal catalyst particles in a controllable manner with respect to uniformity of size and shape. 10, 11 A strategy to circumvent this difficulty is to synthesise CNT catalyst particles on SrTiO 3 (STO)(001) single crystal surfaces. STO with its cubic perovskite structure, has been shown to allow the growth of metal nanocrystals with uniform size and shape distributions over macroscopic length scales. [12] [13] [14] [15] Moreover, due to the photocatalytic 16 and dielectric 17 properties of STO it may be possible to explore the nature of the resulting CNT-STO system in other novel scientific contexts. In this communication we report the use of an ultra-high vacuum (UHV) STM to study the growth of Ni nanocrystals on an atomically flat c(4 Â 2)
reconstructed STO(001) surface. We investigate the nucleation and Ostwald ripening of the nanocrystals, and determine their equilibrium shape and adhesion energy. The Ni/STO samples are then used in the catalytic synthesis of CNTs.
The substrate samples used in this study are 0.5 wt% Nb-doped STO(001) single crystals, supplied by PI-KEM Ltd, UK. After introducing the substrates into a JEOL JSTM-4500xt system operating at 10 À8 Pa, they were outgassed through resistive heating. c(4 Â 2) reconstructed surfaces were obtained by Ar + ion sputtering, normally at 0.75 keV for 10 min, followed by a 1000 1C anneal in UHV for 1 h. Ni was deposited onto the c(4 Â 2) reconstructed substrates from an e-beam evaporator (Oxford Applied Research EGN4) using 99.95% pure Ni rods supplied by Goodfellow Ltd, UK. For the STM studies, etched W tips were used for imaging the samples at either room temperature or elevated temperature (at 350 1C) with a bias voltage applied to the sample. To employ the STO supported Ni nanocrystals as catalysts for CNT growth, the sample was taken out of the UHV chamber and transferred into an atmospheric chemical vapour deposition (CVD) system, where ethanol-CVD (EtOH-CVD) was performed at a variety of growth temperatures. Details on the growth of CNTs can be found in the ESI. † The substrate for Ni nanocrystal growth, the c(4 Â 2) reconstructed STO(001) surface, was created in the UHV chamber and characterised by STM. A large scale image of the terraces on a c(4 Â 2) surface, which has been well studied, 18, 19 is shown in the STM image in Fig. 1a . This surface features straight terrace edges that run along the [100] and [010] directions and also displays some isolated linear titanate nanostructures. [20] [21] [22] Ni (2 monolayer (ML)) was deposited onto the room-temperature c(4 Â 2) surface and subsequently annealed at 390 1C for 15 min. The Ni nanocrystals that form appear as bright spots with a square footprint in the STM image (Fig. 1b) . The particles are randomly distributed without preferential nucleation along the terrace edges. The sample was subject to further annealing at 320 1C for 13 h. This treatment induces Ostwald ripening of the nanocrystals and allows them to attain their equilibrium shape, as shown in the STM image in Fig. 2a , where the number of nanocrystals has decreased but the average size has increased compared to Fig. 1b . The arrow in Fig. 2a denotes the line profile shown in Fig. 2b , which indicates the height and shape of the measured nanocrystal. The shape of the Ni nanocrystals is that of a truncated pyramid with its base edges parallel to the STOh110i directions. Only this shape and epitaxial orientation was observed. Detailed image analysis indicates that the nanocrystal heights are quantised into steps of B1.72 Å, which is consistent with the (001) lattice spacing for the fcc structure of Ni (1.76 Å). The side facets were measured to be at an angle of 53.11 AE 3.31 to the surface, indicating (111) facets. These data indicate cube on cube epitaxy of STO(001)||Ni(001), STOh100i||Nih100i, as was also observed for Co, 12 Pd, 23 Cu, 15 Pt, 24 and Ir 25 on STO(001). The unit cell of STO is 3.905 Å, and that of Ni is 3.52 Å, which results in a tensile lattice mismatch of 9.86%. This epitaxial arrangement is therefore not possible without the introduction of misfit dislocations at the metaloxide interface.
The ratio of the length (l) of the top square to the height (h) of the truncated pyramids (indicated in Fig. 2b ) was determined over a range of volumes from 3 to 30 nm 3 . The l/h ratio does not change significantly with volume and is 1.18 AE 0.09, implying that the nanocrystals have reached their equilibrium shape. A model of a nanocrystal (Fig. 2c) shows the equilibrium shape with a (001) top facet and four (111) side facets.
The equilibrium shape of a supported Ni crystal depends on the surface energies of the Ni crystal facets (in this case, g 001 and g 111 ), the surface energy of the substrate (g STO ), and the interfacial energy between the Ni and the SrTiO 3 (g i ). The change of the total energy of the Ni-SrTiO 3 system related to surfaces and interfaces is: E = g 001 S 001 + g 001 S 111 + g*S i , where S 001 and S 111 are the Ni facet areas, S i is the interfacial area, and g* is defined as g i À g STO . For a given nanocrystal volume, the equilibrium crystal shape is governed by the minimisation of the energy E. Using an analytical approach or the Winterbottom 26 analysis (also known as the Wulff-Kaischew theorem 27 ) for a truncated pyramid shaped particle equilibrated on a substrate leads to eqn (1).
In this equation, the h/l value can be obtained from our experimental results, and the g 001 and g 111 values for fcc Ni are 2.77 J m À2 and 2.69 J m
À2
, respectively, 28 which results in g* = (À0.51 AE 0.17) J m À2 . The adhesion energy, E ad , of the Ni nanocrystal on the STO substrate, can be calculated according to eqn (2):
This gives rise to E ad = (3.28 AE 0.17) J m À2 .
An increased deposition amount of Ni to 4 ML leads to an increased Ni nanocrystal density on the STO substrate, without affecting the truncated pyramid shape formation, as shown in Fig. 3a . This STM image displays the topography of the surface following room-temperature deposition of 4 ML Ni and a subsequent 1 h anneal at 390 1C. The areal density of the Ni particles is (6.16 AE 0.63) Â 10 11 cm À2 , with a relatively uniform size distribution ranging mainly between 9-11 nm as shown in Fig. 3b . Moreover, the Ostwald ripening behaviour of the Ni nanocrystals has been investigated as a function of annealing time, where elevated-temperature STM (at 350 1C) was performed, as shown in the ESI † (Fig. S1 ). This study demonstrates controllable fabrication of Ni nanocrystals on STO(001) with uniform size distribution and stable shape formation. In the next part of the paper we show how these Ni particles can be used for the catalytic synthesis of CNTs. Our CNT growth experiments were carried out by atmospheric EtOH-CVD at a growth temperature of 800 1C, using a (400 : 200 sccm) mixture of Ar and H 2 flow. A typical scanning electron microscope (SEM) image (Fig. 4a) shows dense tubular structures covering the STO surface after the CVD process. The corresponding Raman spectrum (Fig. 4b) confirms that the nanostructures are CNTs with good quality (G/D ratio B2 and a notable 2D peak indicating good crystallinity of CNTs). A transmission electron microscope (TEM) micrograph (Fig. 4c) shows that the nanotubes possess inner channels and are free of catalyst particles, however, the CNTs appear to be coated with a-C, which may be due to severe pyrolysis of feedstocks at CVD reactions at 800 1C. The diameter distribution of CNTs is shown in Fig. 4d . These results demonstrate that controlled synthesis of CNTs with tailored nanotube diameters can be achieved by using supported Ni nanocrystals with a homogeneous size distribution. We note that there is a difference between the nanocrystal sizes and nanotube diameters ( Fig. 3b and 4d) , which can be attributed to particle ripening that occurs at the growth temperature (800 1C) during the CNT synthesis process.
Further growth experiments have also been performed, showing that the Ni nanocrystals are catalytically active for synthesis of CNTs on STO substrates under various conditions (see ESI, † Fig. S2-S4 ). For example, low-temperature CNT synthesis at 600 1C was achieved, which is potentially desirable for applications in nanoelectronics; the use of different carbon precursors in the CVD process results in distinct carbon morphologies, indicating that the STO substrate is suitable to support the synthesis of carbon nanomaterials. Further optimisation of synthesis protocols aims to enhance the quality of the product (Fig. 4c) and ultimately achieve chiralitycontrolled growth of CNTs from the STO-supported metal particles. Our TEM observations also show that the CNTs are free of catalyst particles, thus indicating a base growth mode i.e. the Ni nanocrystal remains anchored to the substrate during CNT synthesis. The strong adhesion energy (E ad = 3.28 J m À2 ) between the Ni particles and the STO support also indicates base mode growth. Previous studies have shown that with an E ad value between 2.24 and 3.95 J m À2 one would observe base mode growth of CNTs. 29 Our method for preparing metal catalysts could reduce the metal content of the produced CNTs which eventually could make CNT purification processes unnecessary. In summary, we have reported controllable synthesis of Ni nanocrystals on a SrTiO 3 (001) support. The Ni nanocrystals adopt a truncated pyramid crystal shape with cube on cube epitaxy and an adhesion energy of E ad = (3.28 AE 0.17) J m À2 . The supported Ni nanocrystals are used to catalyse CNT growth. This study offers insights into the use of the metal-SrTiO 3 system in tailored synthesis of CNTs, where several key issues are tackled: (1) difficulty in producing uniform size and shape distributions of the catalyst; (2) difficulty in efficient growth of CNTs on electrically conducting substrates, especially at low temperatures. SrTiO 3 becomes an n-type semiconductor after doping (e.g. with Nb or La), and this may be of technological importance, in particular for nanoelectronic device fabrication, as a common requirement is direct electrical contact between the CNTs and the substrate.
